Abstract. We examine the identification of large-scale spatial trends in hydraulic conductivity and the influence of these trends on contaminant transport. Using three different trend identification methods, polynomial regression and Kalman filtering, which fit smooth functions, and hydrofacies delineation, which constructs a geologic model, we try to identify the hydraulic conductivi _+ ty patterns controlling solute transport in a heavily sampled heterogeneous aquifer on Columbus Air Force Base, Mississippi. Even with >2400 hydraulic conductivity measurements, unambiguous determination of largescale trends is not possible. None of the estimated hydraulic conductivity trends gives transport simulations that reproduce the observed non-Gaussian transport behavior. Hydrofacies delineation and Kalman filtering give the best results. While the influence of the identified large-scale trends on advective transport is significant, accurate prediction of contaminant transport requires knowledge of small-scale (<10 m) hydraulic conductivity structures.
Introduction
The spatial heterogeneity of hydrogeologic parameters, particularly hydraulic conductivity, makes prediction of groundwater flow and contaminant transport difficult. Hydraulic conductivity, the primary hydrogeologic parameter controlling transport, is highly variable in most alluvial aquifers, varying at some sites by 6 orders of magnitude over a distance of <10 m. Before groundwater flow and contaminant transport can be modeled in detail a three-dimensional map of hydraulic conductivity and other key hydrologic parameters is needed. Obtaining measurements of the subsurface is an involved, expensive process, and the limited resources of any groundwater investigation allow only an incomplete picture of the subsurface. Investigators therefore must interpolate sparse spatial data to build models of groundwater systems.
A common approach for modeling subsurface transport is to assume that hydraulic conductivity K variations on a large spatial scale control advective transport and hydraulic conductivity variations on a small spatial scale control dispersive transport [Scheibe and Cole, 1994] . The exact definitions of "large-scale" and "small-scale" can vary depending on the density of measured data and the amount of natural heterogeneity present. Although some studies assume that hydraulic conductivity varies on two scales, large and small [Rajaram and McLaughlin, 1990; Brannan and Haselow, 1993], others assume that it varies on multiple scales [Dagan, 1986; Cushman, 1990 , chap. 1) or on a continuous hierarchy of scales [Neuman, 1990] . In the terminology of geostatistics, hydraulic conductivity variations that have a spatial scale large enough to be described in at least a roughly deterministic manner are known as a "trends" or "drift" and smaller-scale variations, which can only be described statistically because of the sparsity of data, are known as "residuals."
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0043-1397/98/98WR-01475 $09.00 associated contaminants. Attempts to predict bulk flow patterns and solute transport therefore require knowledge of hydraulic conductivity trends. Because variations in flow velocity are the dominant mechanism for field-scale solute dispersion [Gtiven et al., 1984] , hydraulic conductivity trends must also be identified before solute dispersion can be understood. The stochastic equations of Gelhar and Axness [1983] and Dagan (1982) , which predict field-scale dispersion as functions of In (K) variance and In (K) correlation lengths, require a geostatistically homogeneous flow field and hydraulic conductivity correlation scales that are small compared to the scale of transport. Before these stochastic equations can be applied to predict transport, nonstationary hydraulic conductivity patterns (trends) must be identified and removed.
Separating fluctuations in hydraulic conductivity according to spatial scale is not a straightforward process. Variograms and related second-order statistics that express scale dependent variation are not able to indicate the form of large-scale trends and sometimes do not even indicate their presence [Russo and Jury, 1987a, b] . Although the presence of trends will generally increase the sill (variance) and correlation length of the variogram, the form of trends cannot be deduced from variograms.
In this study we examine our ability to accurately describe large-scale spatial variations in hydraulic conductivity found in a heterogeneous alluvial aquifer. Perhaps more importantly, we examine the influence of the inferred large-scale trends on solute transport. The site we have chosen for this study is one of the most hydrogeologically characterized heterogeneous aquifers in the world; the alluvial sediment aquifer at Columbus Air Force Base, Mississippi [Boggs et al., 1990] .
The first approach we use to determine spatial trends is that of traditional geostatistics, which treats hydraulic conductivity as a correlated random field and assumes that nonstationary variations or trends follow a continuous function, usually a linear function or low-order polynomial. The second approach is to assume that large-scale spatial variation of subsurface hydrologic variables is controlled by geologic architecture and to assign hydraulic conductivity according to position within 
Site Description
The field data used in this study are from the aquifer test site at Columbus Air Force Base, Mississippi. Extensive flowmeter measurements of hydraulic conductivity and sediment core samples taken at the site have been published previously and are available for study [Boggs et 
3.
Trend Estimation Methods
Because the true hydraulic conductivity field is unknown, except for scattered local measurements, large-scale trend values must be estimated. In the hydrologic literature, there is no consensus on the best approach for identifying large-scale trends. This uncertainty is due perhaps to wide variability in aquifer conditions and the lack of extensive field data for evaluating different methods. More likely, the uncertainty is due to the inherent difficulty of defining the difference between small-scale and large-scale spatial variations.
We used three different methods to estimate the large-scale hydraulic conductivity trend at Columbus Air Force Base and evaluated the methods by comparing transport modeling results to field tracer tests. The three methods we used to estimate the large-scale trends are (1) polynomial regression, (2) distributed parameter Kalman filtering, and (3) Figures 1-4 , we assume a horizontal correlation length o.f 150 m for the large-scale trend. We assume a horizontal correlation length of 1.5 m for the small-scale signal. For both large-and small-scale covariance models we assume the vertical correlation length to be 12.5% of the horizontal correlation length, and we attribute half of the total measured variance (50% of 4.4 = 2.2) to each signal. In distinguishing between covariance parameters for the large-and small-scale signals we had little objective information to guide us and settled on the above parameters because the resulting estimated field captured the large-scale trends reasonably well on the basis of visual comparison to the measured field. If different covariance parameters were assumed, the hydraulic conductivity field estimated by the Kalman filter would change, and the transport results based on the estimated hydraulic conductivity values would also change.
Hydrofacies Delineation
An alternate approach to estimating large-scale spatial trends for hydrologic variables is to estimate the geologic architecture of the depositional units making up the aquifer and then to assign hydrologic parameter values according to depositional unit. This approach is commonly used in the description of petroleum reservoirs [Weber, 1986] and has seen increasing attention in hydrology (see Koltermann and Gorelick [1996] for a review). A usual assumption of the approach is that sediment facies type controls hydrologic parameter values. Within each geologic unit, there may be local heterogeneity or small-scale variations, but the primary variation in hydraulic parameters is generally assumed to exist across geologic units.
We After positioning the sediment unit boundaries we assume that hydraulic conductivity is constant within each hydrofacies and equal to the mean of the flowmeter measurements. The high data density at the Columbus Air Force Base site could allow more detailed modeling of geologic architecture than the two-zone model that we apply. For example, in a study using inverse modeling to examine major heterogeneities at Columbus Air Force Base, Hill et al. [1996] used multiple hydrofacies zones to assign hydraulic conductivity values. It is also possible to define separate covariances for each sediment unit, particularly for the regions with high flowmeter well density. However, as the complexity of the geologic model increases, a lack of sufficient data makes decisions about the positions of geologic units and spatial variation within the units increasingly arbitrary and subjective. Because we are interested in the largest-scale variations, we take a conservative approach in creating the hydrofacies model and only use two hydrofacies. 
Results of Hydraulic Conductivity

Polynomial Regression
Polynomial regression produces an estimated hydraulic conductivity trend field with less small-scale variation than either Kalman filtering or hydrofacies delineation (Figures 6 and 7) . 
Hydrofacies Delineation
The geologic architecture method inherently produces a hydraulic conductivity field with sharp discontinuities at contacts of hydrofacies. The ratio of average hydraulic conductivity, based on the flowmeter tests, between the two sediment regions is 24.0 (equation (11) The local variability that is excluded by the trend estimation methods can be seen in the kriged field (Figures 6 and 7) . If it were possible to show a complete map of the true hydraulic conductivity field, even more local variability would be seen, judging from the observation that In (K) variance of the kriged field is only 60% of the measured variance.
Modeling of Solute Transport
The estimated hydraulic conductivity trends are used as input to a groundwater model to examine how they affect groundwater flow and contaminant transport. Assuming that hydraulic conductivity trends control bulk groundwater flow, if a simulated plume has advective behavior similar to observed plume movement, it suggests that large-scale hydraulic conductivity patterns have been effectively captured by the trend estimation method. (12) The actual plume showed strong non-Gaussian behavior as can be seen in Figure 3 
Mean plume displacement is calculated from
Modeling Results
An error analysis was performed that compared steady state modeled heads to measured heads from two sampling events, one performed on March 4, 1987, when the water Although mean error is large when calculated using the high water level measurements, the error variance is small for all simulated heads. While the largest mean errors indicate that the saturated thickness of the simulated aquifer differs by as much as 18% from the true saturated thickness, the low error variance indicates that local patterns of head variation are reproduced relatively well by the steady state flow model.
As can be seen in Figure 9 , the simulated plumes moving in the trend fields are more compact than the actual bromide plume and do not show the main features of the observed plume: high concentrations maintained close to the injection well and a dilute front stretching far ahead of the peak concentrations. The one partial exception to this is the simulated plume moving in the Kalman filter field, which does maintain high concentrations near the injection well. The simulated plume moving in the kriged hydraulic conductivity field, which includes small-scale hydraulic conductivity variations, has small amounts of bromide moving ahead of the peak simulated concentrations but to a much lesser extent than the actual plume.
The observed plume had greater mean horizontal displacement than the simulated trend plumes with the exception of the polynomial trend plume (Figure 10 Figure 12 ). The little dispersion that is seen in the simulated plumes (-2% of observed dispersion) is caused primarily by hydraulic conductivity variability in the large-scale trend fields. The hydrofacies zone field causes more dispersion than the other two trend fields, despite having a In (K) variance that is lower. Some plume spreading is introduced by the numerical implementation of the transport model. To test for numerical dispersion, we performed one simulation in a homogeneous hydraulic conductivity field. It indicated that plume spreading in the hydrofacies zone and kriged hydraulic conductivity fields had a small contribution (-10%) from numerical dispersion but that the lesser plume spreading in the polynomial and Kalman filter trend fields had a significant component of numerical dispersion, 23% and 73%, respectively. In addition to the numerical dispersion, there is numerical dilution caused by spatial averaging of concentrations within grid cells. The introduction of the numerical dispersion and dilution does not change the overall conclusion that large-scale hydraulic conductivity variability present in the trend fields causes only a very small fraction of the total observed dispersion.
Discussion
There are significant differences between the hydraulic conductivity fields estimated by the three detrending methods, both in spatial variability and effect on transport. These differences underscore the difficulty of identifying hydraulic conductivity trends in heterogeneous aquifers. Even with nearly 2500 hydraulic conductivity measurements, it is not possible to unambiguously identify large-scale signals controlling advective transport at the Columbus Air Force Base site.
The difficulty in trend identification complicates the use of stochastic equations designed to predict macrodispersion [e.g., Gelhar and Axness, 1983] because such equations require a stationary hydraulic conductivity field. If it is not possible to identify and remove major trends, even when an extraordinarily large quantity of subsurface data are available, then the assumptions of these equations cannot be met. The results further indicate that even after removing large-scale trends using common methods, hydraulic conductivity variability remains that can produce a nonstationary velocity field. Smallscale hydraulic conductivity variations that fly under the radar of trend identification methods appear to have significant control over the nonstationary advective plume behavior.
Treating the hydraulic conductivity trend field as an idealized assemblage of two discrete hydrofacies provided a simple means of identifying major hydraulic conductivity patterns. Although the simulated plume moving in the Kalman-filtered field best maintained high concentrations near the injection well, the simulated plume moving in the hydrofacies trend field most closely followed the mean vertical and mean horizontal displacement seen in the actual bromide plume. Despite having more involved methodologies, polynomial regression and Kalman filtering do not lead to more accurate simulations of advective transport. This is important to consider when investigating alluvial aquifers, such as the one at Columbus Air Force Base, where sediment cores and flowmeter measurements show sharp discontinuities in sediment type that may significantly affect advective transport and that cannot be captured by polynomial regression or Kalman filtering.
The transport simulations do not accurately recreate the non-Gaussian advection of the observed bromide plume. The difference between simulated and actual advective bromide transport is potentially attributable to several factors: (1) failure of the trend estimation methods to capture large-scale trends present in the aquifer, (2) incorrect assignment of parameters model other than hydraulic conductivity in the transport, or (3) local-scale hydraulic conductivity variations exerting significant control over actual plume behavior. Because all of the detrending methods produce fields that like the measured flowmeter values, have hydraulic conductivity increasing north of the injection well, west to east, and with elevation, it is reasonable to conclude that they capture at least the most obvious large-scale patterns of hydraulic conductivity variation. The question of whether transport model parameters other than hydraulic conductivity are assigned incorrectly is more difficult to answer because of the wide variety of potentially important differences between the actual groundwater system and the model system. The seasonal variability of the natural system is ignored in the transport model, but boundary conditions and recharge were chosen to reflect average conditions, and the transport time of 503 days is long enough to average some of the seasonal variability. Although the temporal variability in heads may have a significant effect on dispersive transport, its effect on advective transport should not be large compared to the effect of large-scale hydraulic conductivity variability. The porosity and retardation coefficient are best estimate values from Adams and Gelhar [1992] and Harvey [1996] and should have spatial variability that is insignificant relative to hydraulic conductivity variability. Although these model parameters may not be assigned correctly, it would be difficult to conceive of reasonable changes to them that would allow the simulated bromide plumes to mimic the strong nonGaussian behavior seen in the actual plume.
The differences between simulated and actual plumes are therefore probably caused by hydraulic conductivity variations below the scale of flowmeter measurements (---10 • m) that exert significant control over observed plume behavior. Finescale layering (10-2-10 -• m thickness) is present in the aquifer sediments [Boggs et al., 1990; Eggleston and Rojstaczer, 1998 ] and evidence of fine-scale hydraulic conductivity variations controlling advective behavior is given by the transport simulation in the kriged field. The hydraulic conductivity field produced by kriging includes more small-scale hydraulic conductivity variation than the estimated trend fields, and the simulated plume traveling in the kriged field shows a hint of the observed non-Gaussian transport behavior.
Without identifying the hydraulic conductivity patterns controlling advective transport it is not possible to make accurate predictions of transport. Our results suggest that at the Columbus site, small-scale (<10 m) hydraulic conductivity structures have significant control over bulk transport. Examination of the sediment facies may provide useful information for improving predictions of transport. In heterogeneous alluvial aquifers, prediction of non-Gaussian transport behavior, if it is predictable at all, will apparently require knowledge of finescale hydraulic conductivity structures.
